To explore the role ofindividual residues in the small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (EC 4.1.1.39), small subunits with single amino acid substitutions in three regions of relative sequence conservation were produced by directed mutagenesis of the rbcS gene from Anabaena 7120. These altered small subunits were cosynthesized with large subunits (from an expressed Anabaena rbcL gene) in Escherichia coli. Mutants were analyzed for effects on quaternary structure and catalytic activity. Changing Glu-13S (numbering used is that of the spinach enzyme) to Val, Trp-67S to Arg, Pro-73S to His, or Tyr-98S to Asn prevented accumulation of stable holoenzyme. Interpretation of these results using a model for the three-dimensional structure ofthe spinach enzyme based on x-ray crystallographic data suggests that our small subunit mutants containing substitutions at positions 13S and 67S probably do not assemble because of mispairing or nonpairing of charged residues on the interfacing surfaces of the large and small subunits. The failure of small subunits substituted at positions 73S or 98S to assemble correctly may result from disruption of intersubunit or intrasubunit hydrophobic pockets, respectively. (SSUs). LSUs form the catalytic sites of the enzyme and provide all catalytically essential residues (2). The contribution of the SSUs to the function of the holoenzyme is unresolved.
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Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBis-CO, EC 4.1.1.39) catalyzes the first committed step of both the reductive and oxidative photosynthetic carbon cycles (for review, see ref. 1) . The holoenzyme in cyanobacteria and plants is composed of eight large subunits (LSUs) and eight small subunits (SSUs). LSUs form the catalytic sites of the enzyme and provide all catalytically essential residues (2) . The contribution of the SSUs to the function of the holoenzyme is unresolved.
The importance of the SSUs to the catalytic activity of the enzyme is demonstrated by a 200-fold drop in the Vm;, when the SSUs are removed (2) . Activity can be restored by reconstitution of the resulting LSU octamer with isolated SSUs (2) , but the structural requirements for this restoration and the mechanism by which activity is effected are not understood.
Several systems have been described that allow the use of site-directed mutagenesis to study the role of individual residues in the SSU. These systems are based on the observation that a normal holoenzyme is assembled when cyanobacterial rbcL and rbcS genes, encoding the LSUs and SSUs, respectively, are expressed in Escherichia coli (3) (4) (5) (6) . Some of the mutant enzymes produced have shown reduced activity (7, 8) ; however, the causes of the reductions in activity have not been determined and specific functions have not been assigned to individual residues in the SSU.
We have used directed mutagenesis of rbcS from the cyanobacterium Anabaena 7120 and coexpression with An- (10) .
pL56, a plasmid to direct the expression of Anabaena RuBisCO LSUs in E. coli, was constructed by excising a Pvu II-Sca I fragment including the lac promoter and Anabaena rbcL coding sequence from pANX105 (6) and subcloning it, with the aid of Sal I linkers, into the Sal I site of the cosmid vector pWH4 (11) .
p205-3, a "phagemid" plasmid for production of singlestranded template DNA for mutagenesis, was made by inserting a 0.5-kilobase Sca I-Dra I fragment containing the Anabaena 7120 rbcS protein coding region into pGC1 (12) , which had been cleaved with BamHI and treated with S1 nuclease to create appropriate ends for ligation. A plasmid with the orientation placing the 5' end of rbcS adjacent to the Xba I site of the vector was designated p205-3.
pSewt, pSe13, pSe67, pSe73, and pSe98, plasmids to direct the expression of authentic or substituted Anabaena RuBis-CO SSUs in E. coli, were made by subcloning Xba I-EcoRI fragments from p205-3 and its mutant derivatives into the Xba I and EcoRI sites of pUC19 (13) . The rbcS coding region is not in the reading frame ofthe lacZ fragment ofthe vector and translation of rbcS mRNA must begin at Met-iS.
Mutagenesis. Single-stranded DNA templates of p205-3
were generated by superinfection with M13K07 as described (14) . Oligonucleotides for each conserved region were synthesized as mixtures of oligonucleotides without and with one, two, or more differences from the wild-type sequence. Mutagenesis was performed as described (15) . Mutants were identified by sequencing the appropriate region of randomly selected progeny plasmids from the mutagenesis protocol using the dideoxynucleotide chain-termination method (16 Growth of Cells. Cells were grown in LB medium (10 (6) . The cell extract was centrifuged at 100,000 x g for 1 hr. Unwashed pelleted material was resuspended in SDS/PAGE sample buffer (17) and boiled for 2 min. Saturated ammonium sulfate solution was added to a portion of the 100,000 x g supernatant fraction to a final concentration of 40% (wt/vol) ammonium sulfate. Aggregated proteins were collected by centrifugation at 10,000 x g for 15 min, resuspended in assay buffer, and dialyzed against assay buffer. The carboxylase activity of this preparation was determined as ribulose 1,5-bisphosphate-dependent incorporation of radioactivity from 14CO2 into acid-stable forms (6) . Protein was quantified by a modified Lowry procedure (18) .
Assay for Holoenzyme Formation. A 2.5-mg sample of the crude 100,000 x g supernatant fraction was loaded on a 5.2-ml sucrose gradient (0.2-0.8 M sucrose in 50 mM Tris HCl, pH 8.0/0.1 mM EDTA/1 mM 2-mercaptoethanol/ 50 mM NaHCO3/10 mM MgCl2) (19) (17) . SSU was detected using SSU-specific polyclonal antibodies and protein-A-linked alkaline phosphatase according to standard immunodetection protocols (21) .
Structural Interpretation of Mutants. The model of the spinach (LSU)8(SSU)8 RuBisCO holoenzyme was derived from an isomorphous electron density map with phase angles refined by fourfold averaging. The structures of both the LSUs and the SSUs have been briefly described (9, 22) . The model was examined on a graphics display using FRODO (23) and the steric effects of mutations were examined by substituting appropriate side chains. Accessibility calculations were made using the program of Lee and Richards (24) . Secondary structures in wild-type and substituted SSUs were predicted with the algorithm of Chou and Fasman (25) .
RESULTS AND DISCUSSION Synthesis and Analysis of Authentic and Substituted Proteins. Experimental system. Transformation of E. coli with the rbcL and rbcS expression plasmids pL56 and pSewt, respectively, results in the synthesis of functional heteromultimeric RuBisCO (Fig. 1) . This result is similar to that observed with RuBisCO genes from other cyanobacteria expressed in E. coli (3-5) and with both Anabaena 7120 genes expressed as an operon on a single plasmid (6) . The RuBisCO produced from such systems is apparently identical to the native enzyme, although posttranslational processing and modification of LSU, known to occur in higher plants (26) ples for the lanes in the 18S column were taken from sucrose gradients used to separate holoenzyme from unassembled subunits and included the region where assembled unsubstituted holoenzyme migrates. The samples for the pellet column were from unwashed 10,000 x g pellets of the ultrasonically disrupted cells and were prepared by partial solubilization in boiling 3% (wt/vol) SDS sample buffer (20) .
Glu-13S -+ Val, Trp-67S -+ Arg, Pro-73S --His, and Tyr-98S Asn (Fig. 1) . Analysis ofenzyme activity. Cultures of E. coli containing pL56 and either pSewt or one of the mutant rbcS plasmids were grown and extracts were prepared for analysis. Relatively crude preparations were used for analysis to avoid the possible loss of an aberrant but still active or assembled enzyme. A very low level ofactivity (less than 18 pmol ofCO2 fixed per min per mg of total protein) was detected in control preparations from cells with pL56 but lacking an SSUexpressing plasmid. This activity is most likely the residual activity from LSU octamers (2) and sets the lower limit of detectable activity by mutant enzymes at about 0.2% of wild-type activity. Oxygenase activity was not measured since partitioning between carboxylation and oxygenation appears to be a property determined solely by the LSUs (27) . All four of the mutants were found to lack detectable carboxylase activity (Fig. 1) .
Analysis of quaternary structure. To explore a possible reason for the lack of activity in these mutants, extracts were analyzed by sedimentation through sucrose density gradients to separate assembled holoenzyme from unassembled subunits. After centrifugation, no SSU was detectable for any of the mutants at the position in the gradient where 18S holoenzyme is normally found (Fig. 1) . The sensitivity of our detection was such that levels of SSU greater than 2% of that in the nonsubstituted case would have been detected (data not shown). Low levels of SSU were sometimes detected at the top of the gradients (data not shown) and were reliably detected in crude pellets (Fig. 1) indicating mutant SSU was being synthesized as expected.
Correlation of Mutants with the Three-Dimensional Structure. To gain insight into the structural roles ofthe substituted residues and to try to understand how the substitutions made would interfere with formulation or stability of the correct quaternary structure, we examined residues 13S, 67S, 73S, and 98S and residues in their vicinities in a model for the three-dimensional structure of spinach RuBisCO. The amino acid sequences of the SSUs from Anabaena and spinach are 41% identical overall but are more similar in the regions ofour substitutions (Fig. 2) .
Glu-13S -5 Val. Glu-13S is in the interface region between the LSUs and the SSUs and is accessible to solvent in the free SSU but is buried in the (LSU)8(SSU)8 complex ( (32) , which are quite different in this region of the SSU. Glu-13S is close to Lys-164L (Fig. 3C) and there is an intersubunit salt bridge between them. The surrounding region is highly charged (Fig.  3C) (24) , and is expressed as a percent of the accessible surface area of a tripeptide containing the amino acid found at that position.
Arg-187L of subunit D (Fig. 3D) , which is conserved except in R. rubrum (33) . This location of Glu-43S on the surface of SSU, which is in contact with LSU in the holoenzyme, is reflected in the residue being less accessible in the holoenzyme than in free SSU (Table 1) . Arg-100S is situated between Trp-67S and Glu-43S with the plane of the guanidinium group roughly parallel to the indole ring.
In the mutant, positive charge on the introduced arginine would repel Arg-100S, possibly forcing it closer to Glu-43S. This might result in a new intrasubunit salt bridge between the two residues. At the very least, the negative charge in the immediate environment of Glu-43S on the interfacing surface of SSU would be diminished and the intersubunit attraction leading to a salt bridge between Glu-43S and Arg-187L in the wild-type enzyme would be reduced. Alternatively, the presence of two positively charged arginines close together could cause one of them to form a salt bridge with Glu-13S, preventing this residue from bridging to Lys-164L of LSU subunit B. In either case, assembly would be negatively affected. Additionally, the substitution by an arginine side chain for the bulky tryptophan, which is almost completely buried (Table 1) , would leave an internal cavity in the SSU that could destabilize local structure.
Pro-73S -5 His. The conserved residue Pro-73S is situated in a hydrophobic patch on the surface of SSU, which also includes conserved residues Leu-72S, Phe-75S, Phe-104S, and Met-69S (leucine in Anabaena) (Fig. 3E) . This patch forms an area of hydrophobic interaction with LSU subunit C involving Leu-74L. This leucine residue is conserved in all LSUs except for LSUs from R. rubrum (33) . Consistent with their forming an intersubunit hydrophobic pocket, the accessibility of all of these residues to solvent decreases upon association of SSU and LSU (Table 1) .
Replacement of the proline side group by a polar histidine side chain would alter this pocket and make a more polar environment unsuitable for interaction with Leu-74L from the LSU. It is also possible that the proline residue is important for determining the local conformation of this region of the polypeptide chain. A search through a data base of refined structures (23) showed that the majority of protein segments with similar conformation had a proline residue either at, or adjacent to, this position.
Tyr-98S -+ Asn. Residue 98S is a phenylalanine in spinach and is in the middle of an internal hydrophobic core in SSU and does not interact directly with any LSU residue (Fig. 3F) . In addition to residue 98S this core is comprised of Phe-12S (tyrosine in Anabaena), Pro-120S, Tyr-123S, and the /3-and -t-carbons of Lys-119S.
Phe-12S and the nearby residue Phe-SOS contribute to interactions with LSU subunit B. The main chain atoms of Phe-12S and the ,B-and y-carbons of Phe-SOS are near (within 5 A) the main chain atoms of residues 232L-234L (Fig. 3F) .
Accordingly, the accessibility of residues 12S and 50S decreases upon association of subunits ( Table 1) . Introduction of an asparagine at position 98S would increase the polarity of the region and could alter the core such that the subunit interactions involving residues 12S and 50S are adversely affected.
In SSU from Silene pratensis, residues 98S and 50S are histidines (34) and, therefore, have polar side chains in this core. Compared to other organisms, however, the polypeptide chain of SSU from this organism is shorter, and residue 123S is absent. The effect of this evolutionary change, as modeled by removal of Tyr-123S in the spinach structure, would be to open up the core and make it accessible to solvent. It is, therefore, logical that, in concert with the shorter chain, some ofthe hydrophobic residues in this region would have evolved into more polar residues in this organism. SSUs. In the experimental system used, it could not be determined whether the substituted proteins differed in overall structure or in stability or, if there was a difference, whether it was a cause or a consequence of the observed failure to assemble into holoenzyme. To address the possibility that one or more of the substitutions might cause misfolding of the protein resulting in a structure grossly different from the wild-type SSU, the algorithm of Chou and Fasman (25) was used to predict secondary structures in the wild-type protein and in each of the substituted proteins. The predictions for the substituted proteins were not significantly different from the predictions for the wild-type protein, and the structures predicted corresponded well to the structures observed in the spinach protein (results not shown). This analysis suggests that the observed lack of assembly was due to disruption of specific interactions rather than gross conformational changes.
Assembly of cyanobacterial RuBisCO in E. coli requires the E. coli groEL and groES gene products (35) . GroEL protein shows extensive sequence similarity to the RuBisCO binding protein, which is found in plant chloroplasts and which is probably involved in assembly of RuBisCO in green plants (36) . Although it is possible that the substitutions described in this work prevent holoenzyme assembly by interfering with a necessary (but undemonstrated) interaction of theE. coli GroEL or GroES with the SSU, we consider this interpretation to be unlikely in light of the ability of isolated SSU to assemble in vitro with preassembled LSU octamers.
Recent experiments have identified a region of higher plant SSU that is important for assembly in higher plant RuBisCO (37) . This region that includes residues 49S-54S of the spinach protein is missing in the SSU from cyanobacteria.
Other Mutations. Other previously reported SSU mutants have all been shown to have catalytic activity, and, by implication, to form a stable holoenzyme. A Trp-67S -+ Phe substitution in Anacystis nidulans rbcS (ref. 7 , referred to as Trp-54) was shown to reduce Vm., 2.5-fold without altering either the Km or the partition coefficient (relative substrate specificity for CO2 and 02) of the enzyme. This result is in contrast to our result for an arginine substitution at position 67S but fits well with our explanation that it is the additional positive charge introduced by the arginine substitution, rather than the removal of the tryptophan, per se, which prevented assembly. Altered interaction with the LSU, despite ability to assemble on a gross level, could lead to the reduction in Vmax seen in the phenylalanine-substituted enzyme. Trp-70S was also changed to phenylalanine (ref. shown to lead to reduced activity in crude preparations (8) but the amount of holoenzyme was not quantified. It is possible then that these mutations result in an enzyme of reduced activity that, as with Trp-70S -3 Phe and Trp-67S --Phe, could be due to deleteriously altered LSU-SSU interactions.
In the work presented here, we have identified specific residues widely separated in the primary sequence that play structurally important roles in the SSU and its interaction with the LSUs. Disruption of the intrasubunit and intersubunit interactions of these and neighboring residues by amino acid substitutions can completely prevent formation of stable holoenzyme. To further understand assembly as well as stability of the holoenzyme, similar analyses of a larger number of mutations should be done.
